Centimeter sized arrays of gold coaxial rod-in-a tube cavities have been fabricated using anodized aluminum oxide as a template. The etching process used to create the cavities enables the production of extremely small gaps between tube and rod, on the order of 5 nm, smaller than those created by standard fabrication techniques. Normal incidence spectroscopy reveals two extinction peaks in the visible and near infrared wavelength range associated with resonant plasmonic modes excited in the structure. Numerical simulations show that the modes are associated with in-phase and out-of-phase hybridization of transverse dipolar excitations in the nanorod and in the tube. The field of nanotechnology relies on the continuous development of nanostructures with exceptional properties and tailored functionalities not found in conventional bulk materials. To make further advancements in nanotechnology and all related fields, it is necessary to simplify and scale up the methods by which nanostructures are assembled. Over the past decades, several methods have been developed for creating nanostructured arrays with porous alumina templates,
The field of nanotechnology relies on the continuous development of nanostructures with exceptional properties and tailored functionalities not found in conventional bulk materials. To make further advancements in nanotechnology and all related fields, it is necessary to simplify and scale up the methods by which nanostructures are assembled. Over the past decades, several methods have been developed for creating nanostructured arrays with porous alumina templates, [1] [2] [3] electron beam lithography, 4 nanosphere lithography, 5 and nanoimprint lithography, 6 to name a few. Some of these processes are reaching a saturation point, where they can no longer meet demands for reducing nanostructure dimensions and overall cost-effectiveness. Therefore, innovative schemes and techniques need to be developed for the realization of new types of nano-architectures, with designed optical functionalities.
Noble metal nanostructures, having unique optical properties including a negative permittivity in the visible and infrared regime, receive ever-increasing attention in the field of plasmonics, a thriving branch of nanophotonics. They have the ability to confine light beyond the diffraction limit due to the excitation of free electron oscillations at their surfaces, known as surface plasmons. [7] [8] [9] In the field of nonlinear optics, plasmonic nanostructures are of particular interest with their exceptional ability to enhance and focus incident electromagnetic energy to deep sub-wavelength dimensions, which is a key advantage as many nonlinear phenomena are proportional to higher powers of the local electromagnetic field amplitude. 10 The most commonly exploited of the many promising applications emerging from extraordinary local field enhancement are surface enhanced Raman scattering (SERS) for single molecule detection 11 and plasmon enhanced second harmonic generation (SHG). 12, 13 Bright localized surface plasmon (LSP) resonances also manifest in the far-field as peaks in optical extinction whose wavelength is highly dependent on the refractive index of the surrounding medium. This has resulted in the extensive use of metallic nanostructures as highly sensitive label-free plasmonic biosensors. 14, 15 A vast range of metallic nanostructures have been designed in an attempt to tailor and tune localised surface plasmon resonances. 16, 17 Recent advancements in chemistry have resulted in the synthesis of nanospheres, 18 nanorods, 19 nanoshells, 20 and even more complex geometries in solution. Developments in top-down and template-assisted methods has resulted in the growth of large scale nanostructured arrays including nanorods, 21 nanotubes, 22 and nanoholes. 23 Here, we bring this approach to an advanced technological level, presenting a method for the scalable production of arrays of gold coaxial rod-tube nanocavities with exceptionally small gap dimensions on the order of 5 nm, which exceeds other current fabrication capabilities. Using far-field spectroscopy, reinforced by numerical modeling, we reveal that the optical properties of the structure are defined by hybridized transverse resonances supported by individual coaxial rod-tube particles. The coaxial rod-tube (CRT) cavity arrays are fabricated using a porous alumina oxide template fixed to a glass substrate and following the step by step procedure presented in Fig. 1 . 21, 22 In brief, a planar aluminum film is deposited onto a glass substrate by magnetron sputtering, the thickness of which determines the maximum possible height of the nanostructures. The aluminum film is anodized ( Fig. 1(a) ), the barrier layer is removed by sodium hydroxide (NaOH) etching and gold nanorods are electrodeposited into the pores onto a sputtered gold under layer ( Fig. 1(b)) . 23 NaOH is then used to etch a shell around the gold nanorods ( Fig. 1(c) ) into which the sacrificial conjugated polymer, polypyrrole, is deposited ( Fig. 1(d) ). A second shell is etched around the hybrid polymer/gold structure ( Fig. 1(e) ) in which the gold tube is finally deposited to form the CRT (Fig. 1(f) ). The a)
Author to whom correspondence should be addressed. Electronic mail: antony.murphy@qub.ac.uk. b) polymer in the gap between the tube and the rod as well as the alumina matrix can be removed using a combination of plasma and NaOH etch to reveal the final structure in Figs. 1(g) and 1(h). Further details on the fabrication procedure can be found elsewhere. 24 The fabrication route described in Fig. 1 for creating CRT arrays results in excellent geometrical tunability (Table I ). The outer diameter of the structures is limited by the centre-to-centre spacing, which is set by the anodisation voltage. It is possible to extend the spacing further using oxalic or phosphoric acids for anodization. 25 The height of the structures is controlled by varying the electrodeposition times and is only limited by the alumina template thickness (400 nm in this case). Thus, the height of the core or outer shell can be tuned independently. In Fig. 1 , the core is higher than the outer shell: once the polypyrrole and alumina are removed, the cores can lean to the side, which explains the non-concentric aspect of the structures. The lateral dimensions are controlled using NaOH etching parameters (time and concentration) and can result in gaps between the wire and the tube in the 5 nm range, essentially acting as a tunable plasmonic cavity. This cavity size exceeds current fabrication capabilities, including e-beam and nanoimprint methods, and is made in a much simpler, cheaper, and scalable way.
The plasmonic behavior of CRT arrays was studied using normal incidence transmission spectroscopy. 24 The illumination conditions are suitable to the excitation of all the bright eigenmodes of the structures, coupled to plane waves. The average dimensions taken from Fig. 1(h) of the structure were as follows: 20 nm nanorod diameter (r ¼ 3 nm), 10 nm nanotube wall (r ¼ 1 nm), 7.5 nm cavity (r ¼ 1 nm), 150 nm in height, and 70 nm spacing (r ¼ 6 nm). Fig. 2(a) shows that the CRT arrays exhibit two extinction peaks around 540 nm and 800 nm (black curve). Finite element modeling (FEM) of the same structure using bulk gold dielectric function 26 agrees with experimental results with two peaks observed at similar wavelengths (red curve). The model produces sharper resonances as it uses average values for the experimentally inhomogeneous structure dimensions and higher quality gold dielectric function than electrodeposited gold. 28,29 The low energy mode (at 810 nm) is a bonding mode formed from the hybridization of the lowest order transverse dipole of the tube and the wire. Those two dipoles are antiparallel in the CRT cavities (Fig. 2(e) ). On the other hand, in the higher order resonance (at 525 nm) the dipoles are oriented in the same direction-the interaction is antibounding. 20 The geometry of the coaxial structure can be easily tuned by altering the three NaOH etch times. Such tuning was demonstrated by varying the inner rod diameter whilst retaining the overall outer diameter. This was achieved experimentally by varying the first etch time (30-60 s) and adjusting the subsequent etches to keep the overall etch time constant (90 s). Fig. 3 presents the extinction spectra corresponding to two different structures. The diameter of the inner rods increased from 20 nm (black curve) to 25 nm (red curve) by increasing the etch time, the outer diameter being approximately 50 nm for both. The longer wavelength peak is very sensitive to the dimension of the inner rod, redshifting by more than 100 nm for this 5 nm increase in the rod's diameter. On the other hand, the shorter wavelength peak shows weak tunability with diameter, red-shifting by only 20 nm. Simulations show that by increasing the inner rod diameter further, the bonding resonance can be tuned further into the infrared regime. The structure can therefore be tailored for non-linear processes, [30] [31] [32] like second harmonic generation, where the resonances enhance both the fundamental (500 nm) and second harmonic (1000 nm) modes simultaneously.
We finish our discussion by investigating the potential of using this nanostructure as a plasmonic biosensor.
14 Finite element modeling is again used to simulate the effects of varying the refractive index of the medium surrounding the CRT arrays. The refractive index (n) was varied from 1.3 to 1.5, which approximates the range for different concentrations of adsorbing protein layers. 33 A comparative study of the structures sensitivity was carried out by exposing either the cavity or the outer walls independently to changes in refractive index, or the full structure. The extinction obtained in the case where the full environment is changed is plotted in Fig. 4(a) . Both extinction peaks experience a spectral redshift when the surrounding refractive index is increased, and a similar behavior is observed when only the cavity or the space between the outer walls sees a refractive index change. The bulk sensitivity (m) of the structure can be determined from the following:
where k peak is the peak wavelength of the resonance for each refractive index, n. And the figure of merit (FOM) of the sensitivity of the resonance is defined as the bulk sensitivity divided by the full width at half maximum of the resonance. 34 Fig. 4(b) presents the shift of the low energy peak with the change of refractive index. The sensitivity m is extracted from linear fits to those trends. When the complete environment is changed, the peak at 520 nm shows a lower sensitivity to changes in refractive index with a shift of 30 nm/RIU (refractive index unit). In contrast, simulations show that the peak at 820 nm is an order of magnitude more sensitive with a predicted sensitivity of 400 nm/RIU, comparable to the best plasmonic refractive index sensors based on localized plasmon resonances. The FWHM in the simulations is 90 nm, which results in a FOM of 4.5. The resonance observed in experiments is much broader with an equivalent FWHM of approximately 200 nm. This would reduce the FOM of this nanostructure to 2. Although the structures have a broad resonance, they cover a very large area of the sample, and this advantage might compensate for the inconvenience of the lower FOM even for sensing applications. The bulk sensitivity of the coaxial rod-tube cavities compares favorably with other alumina based biosensors including nanowires (m 280 nm/RIU, FOM ¼ 1.7), 35 nanotubes (m 250 nm/RIU, FOM ¼ 2.5) 14 and is not far from the one for single particle sensing with concentric disk-ring nanocavities (m 600 nm/RIU, FOM ¼ 3). 28 The cavity is the most sensitive part of the structure, showing a bulk sensitivity of 300 nm/RIU compared to 120 nm/RIU for the outer walls only. This result is in contrast for the behavior of gold nanotubes where the plasmonic modes are localized to the outer walls, which makes them most sensitive to changes in refractive index. 14, 22 The coaxial structure is particularly exciting for biosensing as the highly sensitive cavity can be tuned to accept small molecules (in the range of 5-15 nm) whilst the outer walls of the structure can simultaneously detect larger molecules. The fact that the modes can also be excited at normal incidence by unpolarized light means a simple detection system can be employed making it a commercially viable substrate for biosensing.
In conclusion, we have presented a method to produce concentric rod-tube cavities, using templates of aluminum oxide. The geometry of the structures can be controlled precisely by changing the conditions of growth. Gaps in the 5 nm range can be obtained which can be filled in by a spacing material that can be chosen to achieve specific properties (gain, non-linearities), and benefit from the large field enhancement provided by the structures. The structures exhibit two extinction peaks, which originate from resonances corresponding to in-phase and out-of-phase hybridization of dipolar transverse excitations in the wire and in the tube. These structures are cheap to produce on large surfaces and could constitute cost effective substrates for field enhancement and sensing.
The fabrication route gives excellent tunability over the nanostructure dimensions, which means the resonant plasmonic modes can be tuned across the visible and near infrared spectrum. The tunability of the structure is not just limited to the dimensions, as it is possible to deposit a wide range of metals, semiconductors, and polymers into alumina pores. [36] [37] [38] [39] For example, the possibility of creating a nickel core/gold tube structure is of particular interest as it is promising for magneto-plasmonic applications. [40] [41] [42] Because of the relatively strong field confinement the cavity can sustain, the CRT geometry may also offer practical solutions in the design of active devices, both at the nanoscale and the macroscale with the use of an active spacer medium for light amplification, 43 nonlinear optical properties, 31 or light harvesting in solar cells. 44 More generally, the fabricated structures could serve as excellent platforms for the realization of integrated nonlinear optical components. As an outlook for here, we point out several promising approaches for the achievement of strong nonlinear effects. First, nonlinear polymers could be deposited between the tube and its core, where the local electromagnetic field reaches its maximum. The robustness of the fabrication together with a precise control over the resonance locations enables to achieve structures resonant at both first and second harmonics, dramatically increasing the efficiency for second-harmonic generation processes. 12 Moreover, huge nonlinearities could also emerge from the metal interfaces, as was recently proposed. 45 Similar approaches, relying on the resonance spectra matching, could be applied to SERS.
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